Introduction 52
The economic contribution of insect pollination to crop production is significant (Gallai et al., 53 2009) and managed honey bees provide about half of this ecosystem service to all insect-54 pollinated crops on Earth (Kleijn et al., 2015) . The critical importance of honey bees (Apis 55 Adult female V. destructor were removed from capped brood cells along with associated bee 261 larvae. Microinjections were carried out according to methods previously described 262 (Campbell et al., 2010) . Briefly, mites were placed on double-sided tape ventral side up, and 263 injected with 20 nl (2.5 µg/µl) of either VdCHH-dsRNA, VdAST-dsRNA or LacZ-dsRNA in 264 the soft tissue either proximal to the anal region or postcoxal plate using pulled glass 265 capillary needles in conjunction with a Harvard micro-injector system. Mites were placed in 266 petri dishes containing 1 bee larvae per 4 mites. Dead or unhealthy looking mites, presumably 267 due to the injection trauma, were discarded after 1 hour. To assess penetration of neural 268 tissue by the immersion method (Campbell et al., 2010 ,Campbell et al., 2010 , adult mites 269 were removed from capped brood cells and placed in 500 µl microfuge tubes containing 20 µl 270
VdCHH-dsRNA, VdAST-dsRNA or LacZ-dsRNA (2.5 µg/µl) in 0.9% NaCl. Mites were 271 soaked at 4ºC overnight, then removed, dried and placed in Petri dishes. Mites were fed on 272 similar aged developing bee larvae (replaced every 24h) and maintained at 30°C and 85% 273 (Fig. 1A) . Of the 398 clusters analysed, 3.7% were novel and 33.4% had high 319 homology to annotated sequences (Supplementary Table 1 ). The remaining clusters were 320 homologous to existing Varroa genomic databases with no annotation or known identity. The 321 3.7% of sequences with no homology to the Varroa genome were BLASTed against other 322 databases but no identity was determined. It may be that future versions of the Varroa 323 M A N U S C R I P T
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genome or on-going transcriptome studies will help with the identification of these contigs. 324
Clusters with putative shared identity with existing sequences in the nr/nt database were 325 compared with the GO database using BLAST2GO and assigned functional classification 326 (Fig. 1B) L1A04 were identical to each other and were treated in the analysis as such. L1A01 and 335 L4A04, sequenced from the EST synganglia database both had >99% identity with VDV-1 336 (Genbank AY251269.2) but lower identity to DWV (NC_004830.2), 91% and 84%, 337 respectively ( Fig. 2a) . To determine the DWV strain diversity in the synganglia of V. 338 destructor we carried out strain-specific PCR across the identified recombination point. 339
Nested PCR resulted in bands of the expected size for both VDV-1 as well as the 340 recombinant VDV-1 DVD but DWV and recombinant VDV-1 VVD were absent (Fig. 2b) . 341
342
To determine if VDV-1 is replicating in Varroa synganglia, we assayed for negative-sense 343 RNA strands as during replication the positive-sense RNA of VDV-1 is transcribed to a full-344 length copy of the negative-sense RNA strand genome. Reverse transcription was carried out 345 on RNA extracted from Varroa destructor tissues using VDV-1 or DWV specific primers 346 and thermostable transcriptase. qPCR of VDV-1-or DWV-primed cDNA detected the 347 presence of negative-strand RNA from VDV-1 in all tissues assayed as determined by gel 348 electrophoresis ( dsRNA-AST showed a decrease in AST mRNA levels within 24 hr and decreasing further by 413 85% knockdown (P < 0.001) of target gene after 48h compared to the control Varroa group 414 treated with dsRNA-LacZ (Fig. 6a) . Mites treated with dsRNA-AST exhibited significantly 415 higher mortality from 24h (P < 0.01) onwards compared to controls with only 30% of mites 416 surviving at 72 h (P < 0.001) (Fig. 6b) . In repeated independent experiments (not shown), the 417 level of mortality in dsRNA-AST treated Varroa was consistently 50 -60% higher than the 418 dsRNA-LacZ treated Varroa over similar time spans. Though AST-knockdown increased 419
Varroa mortality, no obvious phenotypic changes were observed. 420
421
The level of gene knockdown for mites treated with dsRNA-CHH was ~55% after 48h 422 compared to the dsRNA-LacZ treated controls (P <0.03) (Fig. 7a) . Mortality levels in Varroa 423 treated with dsRNA-CHH were greater compared to dsRNA-LacZ treated mites attaining 424 statistical significance after 72 h (P < 0.05). Survival after 96 h was 68% compared to 90%M A N U S C R I P T
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14 in control groups (P<0.05) (Fig. 7b) . In a cohort of Varroa treated with dsRNA-CHH a 426 notable "shaking" or "shivering" phenotype was observed in which the mite's whole body 427
shook from side to side while still on their feet and occurred whether the mite was on the bee 428 larva or the Petri dish. This "shaking" was observed in all repeated experiments using 429 different preparations of dsRNA-CHH and mites from different hives and was not observed 430 in any mites treated with dsRNA-LacZ or dsRNA-AST. Because the Varroa were in groups 431
and not individually marked, we could not determine if the "shaking" phenotype preceded 432 death or if those mites recovered, but it was noted that groups of mites in which we observed 433 (VIH), suppress the production of methyl farnesoate influencing vitellogeneisis and somatic 530 and gonadal growth (Wainwright et al., 1996) . Ion Transport Protein (ITP) peptides found in 531 locusts has shown that they regulate Cl -ion mediated water resorption in ileum (Audsley et  532 al., 1992) and it has been proposed that this is similar to the CHH role in osmoregulation 533 during moulting in crabs (Chung et al., 2010) , (Carley, 1978) . In Tribolium beetles RNAi 534 knockdown of ITP variants suggested a role in moulting and in egg production (Begum et can be specifically inhibited by microinjection or the direct soaking of mites with target 583 specific dsRNA. It has been shown in ticks (Karim et al., 2008) and Drosophila (Dzitoyeva et 584 al., 2001 ) that when dsRNA is injected into the hemocoel, the dsRNA can affect the exposed 585 synganglia. We have confirmed this finding in Varroa by targeting neuropeptides and 586 demonstrated the effect can be achieved by the less invasive method of dsRNA 587 administration immersion which is also more amenable to higher throughput. The first 588 targets for the direct management of Varroa were validated by the knockdown of a cocktail 589 of 14 targets that reduced Varroa populations in mini-honey bee colonies by 53% compared 590 to control (Garbian et al., 2012) . In this current study we demonstrate the first evidence of 591 direct lethality to individual mites using a single target with dsRNA-AST killing 54% mites were determined by densitometry and the relative abundance to the within-sample actin band 697 calculated. The extent of VdAST : actin knockdown is presented as a percentage for VdAST-698 dsRNA injected mites and control mites injected with LacZ-dsRNA at each given time point. 699
Data are means ± SEM (n = 3 individual mites). Asterisks represent significant difference (P 700 < 0.001) between treatments determined by Student's t-test. (B) Survival was monitored post-701 injection with either VdAST or LacZ-dsRNA. Mites were monitored every 12h with dead 702 mites removed from assay chambers. LacZ (4 groups of 11 mites, n=4), VdAST (3 groups of 703 10 mites, n =3). Data are means of each chamber ± SEM. Asterisks represent significant 704 differences between treatments (**= P < 0.01; *** = P<0.001) determined by Student's t-test. 705 
